Cowpea mosaic virus (CPMV), the type member of the family Comoviridae, is a positive-strand RNA plant virus with a bipartite genome. Both RNA 1 and RNA 2 have a small protein, VPg (viral protein genome linked), at their 5' end, are polyadenylated at the 3" end and are translated into large polyproteins (for a review see . RNA 1 is translated into a 200 kDa (' 200K') polyprotein and is processed by the viral 24K proteinase at specific Gin/Met, Gln/Gly and Gln/Ser sites to produce functional proteins (Wellink et al., 1986; Garcia et al., 1987 ) (see Fig. 1 ). The VPg coding sequence has been mapped on the open reading frame of RNA 1 and comprises 28 amino acids (Stanley et al., 1980; Zabel et al., 1984; Wellink et al., 1986) . The fl-OH group of the N-terminal serine residue of VPg is attached to the 5'-terminal uridyl residue of the genomic RNAs via a phophodiester bond (Stanley et al., 1978; Jaegle et al., 1987) .
A role in translation or infectivity for VPg is unlikely since in vitro transcripts lacking the protein, and viral RNA from which the VPg has been proteolytically removed, are infectious and retain their messenger activity (Stanley et al., 1978; Vos et al., 1988 a; Eggen et al., 1989) . VPg is found covalently linked to the 5' end of both positive and negative strands in the replicative * Author for correspondence. Fax +31 8370 83584. e-mail Joan. Wellink forms isolated from CPMV-infected plants (Lomonossoft et al., 1985) and has been proposed to have a function as a primer in the initiation of viral RNA synthesis (Wimmer, 1982; . In order to further understand the role of putative VPg precursors in viral RNA replication, elucidation of the successive processing steps that lead to the release of VPg from the RNA 1-encoded 200K polyprotein is essential. The RNA 1-encoded 60K protein has been proposed to be the direct precursor for VPg Goldbach et al., 1982) . However, studies on processing of putative VPg precursors in vitro revealed that trans cleavage of the Gln/Ser site between the 58K and the VPg protein is extremely inefficient (Peters et al., 1992a) . Furthermore, kinetic studies on the processing of the 170K protein have revealed that the 60K and the 58K proteins appear to be produced simultaneously, a pattern of accumulation inconsistent with their having a precursor-product relationship (Dessens& Lomonossoff, 1992; Peters et al., 1992b) . Moreover, large amounts of the 60K protein are found in fractions prepared from CPMV-infected cowpea leaves (Peters et al., 1992a) which does not point towards a VPg precursor function for the 60K protein. In line with the finding that in vitro cleavages in the 200K polyprotein occur most efficiently in cis, the I12K processing intermediate (VPg+ 110K) was proposed to function as a VPg precursor, either directly or via a 26K (VPg+24K) processing intermediate, although evidence for such cleavages was only indirect (Peters et al., 1992a) . In in vitro experiments cleavage of the 112K protein at the Gln/Gly site into 26K and 87K proteins has been observed (Dessens& Lomonossoff, 1992 To study the processing of the 112K protein/n vivo, the l12K protein was transiently expressed in cowpea protoplasts. For that purpose a 1144 bp HindIII-XhoI fragment from pTM58SA3 (Van Bokhoven et al., 1993 a) was replaced with a 1106 bp HindIII-XhoI fragment of pJII-B7 which contains the first 1014 nucleotides of the 112K coding region, in which the serine codon at the beginning of the VPg (position 2964) has been changed into an ATG codon (Dessens& Lomonossoff, 1992) . From the resulting plasmid pTM58fY a BglII-XhoI fragment was isolated and inserted together with a 1932 bp XhoI-EcoRI fragment from pJII-B7 into the BglII-EcoRI-digested vector pMON999 (Van Bokhoven et al., 1993b) to produce pMBll2fY. This plasmid was digested with BglII and SalI to remove RNA 2 sequences derived from the 5' non-translated region and TMV~' sequences that were found to interfere with transient expression (data not shown). The larger fragment was then religated to generate transient expression vector pMBll2 (Fig 1) . The construction of pMB87 and pMBll0, which direct the transient expression of the 110K and 87K coding sequences respectively, has been described (Van Bokhoven et al., 1993b) . Protoplasts were either mock-inoculated, CPMV-RNA-infected or transfected with pMB87, pMBll0 and pMBll2. The transfection and incubation of cowpea protoplasts were performed as described (Van Bokhoven et al., 1993b) . Protoplast extracts were prepared according to Franssen et al. (1982) and separated on an SDS-polyacrylamide gel (Laemmli, 1970) . Synthesis and processing of viral proteins were monitored by immunoblotting using antiVPg , anti-24K or anti-ll0K serum (Van Bokhoven et al., 1992) as a primary antibody and anti-rabbit IgG-alkaline phosphatase as a second antibody according to Blake et al. (1984) . In extracts from CPMV-RNA-infected protoplasts the 170K, 110K and 87K proteins were identified with anti-110K serum (Fig. 2, lane 1) . The 60K and 84K proteins, and small amounts of the 112K protein and a protein with a molecular mass of approximately 80000 Da were detected with anti-VPg serum (Fig. 2,  lane 8) . The origin of the latter protein is unclear. Constructs pMB87 and pMB110 efficiently directed the synthesis of the 87K and l l0K proteins in cowpea protoplasts. These proteins were immunoreactive with anti-ll0K serum and comigrated with the marker proteins obtained from CPMV-RNA-infected protoplasts (Fig. 2, lanes t to 4) . Apparently, the 110K protein is a stable protein in vivo since 87K and 24K cleavage products were not detected (Fig. 2, lane 3) , a result consistent with that obtained in vitro (Dessens & Lomonossoff, 1992) . In protoplasts transfected with pMB110 a second protein migrating just below the 110K protein was produced. This protein probably arose as a result of initiation of translation at AUG codon 3079, 30 nucleotides downstream of the first AUG codon of the l l0K coding sequence (position 3049 in RNA 1). Construct pMB112 efficiently directed the synthesis of the l12K protein which was identified with both anti-110K (Fig. 2 , lane 5) and anti-VPg serum (Fig. 2, lane 6 ). This protein migrated just above the 110K protein (Fig.  2 , lane 5) and comigrated with the l12K protein in CPMV-infected protoplasts (Fig. 2, lanes 6 and 8) . Surprisingly, in addition to the 112K protein, 110K and 87K products in approximately equal amounts were observed also (Fig. 2, lane 5) . Further analysis after electrophoresis on a 15 % acrylamide gel with anti-VPg serum revealed that a 26K protein ( = VPg + 24K) is also present in this fraction (Fig. 3, lane 3) . Treatment of the same blot with anti-24K serum also revealed the presence of a 24K protein in this fraction (Fig. 3, lane 6) . These results suggest that the 112K protein is processed in vivo via two alternative pathways, either at the Gln/Met site into VPg and 110K proteins, or at the Gln/Gly site into 26K and 87K proteins (see Fig. 1 ). The 26K protein is visible as a doublet in these gels. Possibly the smaller protein is a result of initiation of translation at the AUG codon at position 2987, which after processing would result in a 26K protein that lacks the first eight amino acids. To exclude the possibility that the l l0K protein present in protoplasts transfected with p M B l l 2 is the result of internal initiation of translation at the AUG codon at the beginning of the 110K open reading frame, two new constructs were made. In pMBll2SS and pMBl12QG-+R the KpnI-XhoI fragment of p M B l l 2 (positions 3134-3978 of RNA 1) has been exchanged for the same fragment of pTB24SSA32 and pTBA32R87 respectively ( Fig.l; Peters et al., 1992a) . Plasmid pMB 112SS contains a six nucleotide insertion at position 3156 of RNA 1 that results in an inactive proteinase whereas pMB112QG -+ R contains a mutation that alters the Gln/Gly cleavage site between the 24K and 87K proteins into a single Arg residue (Peters et al., 1992a) .
Protoplasts were transfected with these constructs and their protein content was analysed after 40 h of incubation by immunoblotting (Fig. 4) . The blot was first treated with anti-VPg serum (not shown) and subsequently with anti-ll0K serum (Fig. 4) . Construct pMBll2SS directed the synthesis of only the virusspecific protein 112K protein, which reacted with both anti-VPg serum (not shown) and anti-110K serum (Fig.  4, lane 2) . In cells transfected with pMB112QG-+ R two virus-specific proteins were detected with anti-ll0K serum (Fig. 4, lane 1) . Only the upper band reacted with anti-VPg serum (not shown) identifying this band as the l12K protein. Apparently, the cleavage site mutation clearly prevents processing of the 112K protein into 26K and 87K proteins whereas cleavage into VPg and 110K protein can still take place. In this experiment the protoplasts were incubated until 40 h after the transfection. Under these conditions almost all of the nonmutant l12K protein is cleaved into l l0K and 87K proteins (Fig. 4, lane 3) . Note that because of the small insertions and deletions it is not useful to compare the migration of the mutant 112K and 110K proteins in the gel.
These experiments exclude the possibility that the l l0K protein in protoplasts transfected with p M B l l 2 arose as a result of downstream initiation of translation at the first AUG codon of the 110K coding sequence (position 3049 in RNA 1). Furthermore, the AUG 3049 codon is not in a favourable context to function as an initiator codon according to the rules determined by Kozak (1986) and Ltitcke et al. (1987) . This notion is supported by the observation that expression of the l l 0 K coding sequence from p M B l l 0 generates two proteins in roughly equal amounts through initiation of translation at positions 3049 and 3079 (Fig. 2, lane 3) . Such a smaller product was not observed when the 112K coding sequence was expressed, suggesting that ribosomes have already initiated translation upstream of position 3049 in the 112K coding sequence. In addition, the A U G codon 3049 is preceded by one in-frame A U G codon (position 2987) and one out-of-frame AUG codon (position 3010), the latter being in a more favourable context, which the ribosomes have to bypass in order to start translation at position 3049.
The transfection experiments with p M B l l 0 and pMB112 suggest that the presence of the VPg sequence can activate cleavage at the 24K/87K junction in vivo, a result consistent with that observed in vitro (Dessens& Lomonossoff, 1992 ).
We have not been able to detect VPg in extracts from either pMBll2-transfected-or CPMV-RNA-infected protoplasts, probably because this protein was rapidly degraded by cellular enzymes. To test this, synthetic VPg was incubated for 1 h with a mockinoculated protoplast extract and subsequently analysed by SDS-PAGE and Western blotting. Under these conditions VPg was indeed rapidly degraded, whereas other viral proteins (170K, ll0K, 87K and 60K) were stable (data not shown). VPg incubated in homo- genization buffer remained intact. Previous experiments have also indicated the instability of released VPg in rabbit reticulocyte lysate (De Varennes et al., 1986) . Lack of cleavage at the Gln/Met site in the l12K protein in vitro as observed by Dessens & Lomonossoff (1991) is probably not due to inhibiting factors, but rather the result of a conformation that does not allow cleavage in the 112K protein. In vitro, cleavage could not be induced by the addition of microsomes or protoplast fractions (I. M. Kooter & S.A. Peters, unpublished observations) . Apparently, the transiently produced l I2K protein has obtained a more favourable conformation for processing. The observed activation of processing of the 112K protein in protoplasts might be due to the influence of salt concentrations, pH or hostribosomal factors that differ between the reticulocyte lysate and protoplast system.
In protoplasts transfected with pMBll2 the 24K protein probably accumulated through cleavage of the 26K precursor rather than through cleavage of the 110K protein, based on the observation that the 110K protein is a stable product (Fig. 2, lane 3) . To study this further we constructed pMB110A4, pMB112A4 and pMBll2SSA4 by digesting pMBll0, pMBI12 and pMBll2SS respectively with BamHI, which cleaves at position 3857 in the BcDNA and in the polylinker of pMON999, followed by religation of the large fragments. These new plasmids lack almost the complete coding region for the 87K protein ( Fig. 1; Vos et al., 1988b; Peters et al., 1992 a) . Twenty-four hours post-transfection transient expression in protoplasts transfected with these constructs was analysed by immunoblotting using anti-24K serum (Fig. 5) . Construct pMB 112SSA4 directed the synthesis of a 34K protein that should correspond to VPg+24K+SK (Vos et al., 1988b) , whereas in pMB112A4-transfected cells only 26K and 24K proteins that specifically reacted with the anti-24K serum were found (Fig. 5, lanes 3 and 4) which indicates that the 34K precursor is (almost) completely processed. In pMB l 10A4-transfected cells a 32K protein accumulated corresponding to the full-length 24K + 8K precursor. In contrast with experiments with pMB110, cleavage at the Gln/Gly site has occurred as the 24K protein is also clearly present in these cells (Fig. 5, lane 2) . This indicates that in the 110K protein the folding of the 87K domain renders the Gln/Gly site inaccessible. Short communication To determine whether the 26K protein can be cleaved into VPg and the 24K protein, pMB26 was constructed. For this purpose, the coding sequence for the Gln/Gly cleavage site between the proteinase and the polymerase in pMB112A4 was modified into Gin/stop codon. Using the oligonucleotide GCACAAGCGCAGTAGACTGA-GGAATAC a TAG stop codon (bold) at position 3672 and a new restriction site (AccI, underlined) were created (Kunkel, 1985) . In cells transfected with pMB26 and pMB112A4, 24K and 26K proteins were detected (Fig. 5,  lanes 7 and 8) . This shows that the 26K protein can be cleaved into VPg and the 24K protein. In this experiment the 32K protein produced by pMB110A4 is completely processed into the 24K protein (Fig. 5, lane 6) .
In CPMV-RNA-infected protoplasts the 26K protein is probably rapidly further processed into VPg and 24K proteins, since the 26K protein was not detected during an infection with CPMV (Fig. 3, lanes 1 and 4) . On the other hand, it is possible that in CPMV-infected protoplasts processing of the l12K protein into l l0K and VPg proteins under RNA replicative conditions is favoured over processing into 26K and 87K proteins. It is even possible that RNA is directly needed to trigger release of VPg.
In conclusion, the results reported here support our earlier proposal that the 112K protein functions as a VPg precursor (Dorssers et al., 1984; Peters et al., 1992a) . If VPg is involved in the protein-primed mechanism to initiate RNA replication as has been suggested by , then the l12K viral replicase precursor is a likely candidate to start this event via cis cleavage into VPg and the 110K protein. Subsequently or maybe concomitantly, VPg becomes uridylated and might serve as a primer that is elongated by the 110K viral replicase. A protein-primed initiation mechanism has also been proposed for the replication of polioviral RNA (Wimmer, 1982; Kuhn & Wimmer, 1987) and such a strategy would also resemble the events that have been shown to lead to the initiation of DNA synthesis for viruses such as adenovirus and bacteriophage ~b29 (for a review see Salas, 1983) .
